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The broad-spectrum antibiodc 2,4-dlacel)'lphlorogluciool (PHL) is a major determinant in the hlologltal 
control or 11 range or plant pathogens by many ftuorescent Pseudomonas spp. A 4.8-kb chromosomal D~A region 
from Pseudomontl.f jiuorncen.r Q2~R1, carryjzrg PHL l)iosyntht-dc genes, was used as a probe W determine Jf the 
P\lL biosynthdic locus is conserved within PlfL.produc:ing Pseudomonas strains of worldwide origin. l'he phi 
gene probe hybridized with the genomic DNA of all 45 PH£..pnuJucinJt Pseudomonas strHins tested, including 
well·cbaracterized biocontrol strains rrom the United States and Europe ond strains isolated from disease~ 
supprc.uh·e soJb from SwitzeoriQnd, Washington, Italy, and GbBDa. The PHL producer!i displayed considerable 
p~enotypk nnd genol)'plc diversity. 1Wo pbtnol)'pieally dlsdnct groups were detected. The first produced PHI.. 
pyolutetJrin, aod hydrogen cyanide aod consi.tted of LJ .ttrains from almost aU locations sampled in the United 
States, Europe, and Africa. The second produced only PHL and HCN and wnsisted of 32 •tr•lns from the U.S. 
and European soils. Analysis of restriction pattems af genomic DNA obtallred alter ltybrldlzatlon with the phi 
gene probe and cluster analysis of restriction pollentS of amplilled DNA coding for 168 rRNA <ARDRA) and 
nmdomly amplffied polymorphic DNA (RAPD) markers indlcated that the slnlins t!Jot produced botb PilL 
und pyoluteorin were genetically highly similar. In contrast. there was more diversity at the genotypic level in 
tbe stnins that produced PHL but not pyoluteorin. ARDRA analysis of these strains indicated two clusters 
which, on thl! basis of RAPD analysis, spilt into several subgroups with o~~dditional polymorphisms.. [n general, 
the occurrence of' pbenotypfcaJJy and genotypically similar groups of PHL producers did not correlate with the 
geographic origin of the isolates, and highly similar slntins could be isolated from diverse:: locutions worldwide. 

Phloroglucinol .1ntibiotics are phenolic bacteri,1l and plant 
molabolile> with antifungal (14, 23. 31, 35, 54, 55), antibacte­
r·bi (6, 2.1, 11. 39), phytotoxic (22. 2J. 4()), antiviral (51), and 
anthelmintic (5) activity. Of particular interest is 2,4-di­
tKelylph/oroglucinol (PIIL), because of its production by flu. 
urescent Pseudomonas spp. of worldwide origin, e.g., Switzer~ 
land (23, 25), tho United States (17, 31, 35, 55), Ireland (11, 
45), England (6). Belgium (10), and Ukraine (14, 36, 37). Many 
ct~·-acetylphlorogludnol-producing strains have bkrcontrol ~c· 
tivity against one or more plant diseases. and PHL has been 
shuwft to be the major or sole melabolite asSOCiated with 
pathogen ~uppression (7. SQ). For example. Pseudomonas fluo· 
rescens CHAO was isolated from a soil in the Morens region of 
Switzerland that is suppresaive to black root rot of tobacco, 
caused by Thicluviopsis basicola ( 48). Strain CHAO produces 
hoth monoacetylphlorogiucinol and PHL, as well as hydrogen 
cyanide, pyolutcotin (PLT), and several other bioactive com­
pounds (56). PHL contributes to the suppression of black. root 
rot of tobacco by CHAO (25) and is the major determinant in 
the suppression by CHAO of take-all of wheat, caused by Gaeu­
mannmnyces gramini~ var. tritici (23). A Ph,- Tn5 mutant of 
strain CHAO, CHA625, was less inhibitory ofT. basicola and 
G. grarninis var. trilz'ci in vitro and less suppressive of bJa~.:k root 
rot and take-all than strain CHAO (23, 25). Complementation 

t Corresponding author. Pr~ent address: Laboratoirc de Hioiogle 
Micwbienne, Biliment de Biologie. Universit~ de Lausanne, CH-1015 
Lws<~rmc, Switzerland. Ptraae: (41) 21 692 56 36. Fax: (41} Zl 692 56 
.17_ Electronic mail address: Christoph.Kecl@lbm.unil.ch. 
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of CHA625 with an 11-kb fragment from a CHAO genomic 
library largely restored PHI..- production, fungal inhibition, and 
disease suppression. PHL could also be isolated front the rhi­
zosphere of wheat colonized by the wild-type CHAO or th~ 
complemented mutant (23). In addition, amplifh:ation of the 
housekeeping sigma factor ( r.170

) in CHAO incre.ased produc­
tion of PHL and PLT severalfold in vitro and in the rhi70· 
sphere and improved protection of cucumber against Pyrhium 
ultimum, Pfwmop.si.s sclervrioide~. and Fu.sariwn oxysporum f. 
sp. cucumcrinum and of tobacco against T. basicola (32, 33 ... Q, ). 

P. fluot'fscens 02-87 was isolated lrom wheat grown in a 
take:-all-suppressive soil from near Quincy, Wash., and sup· 
pr .. ses take-all when applied as a seed treatment (38, 55). 
Psekdomrmas sp. strain F113, i:solalt:tl in Ireland from the root 
hairs of a mature .sugar beet plant, was as effective as. the 
fungicides Thiram and Prcvicur N in suppressing preemer· 
gence damping off of sugar beet caused by Pythium ulrimum 
(11). Strains QZ-87 and Fll3 produce HCN and both moDO· 
acetylphloroglucinol and PHL (17. 44, 45). Phi- Tn5 mutant< 
of these two strains were significantly less suppressive of di~­
ease than were their respective parental strains, and activirv 
was partially restored upon cornplernentalion with wild~lypj 
DNA fragments homologous to those containing Tn5 inscf· 
lions in the mutants (J I, 55). The 6-kb wiltl-type fragment from 
Fl13 was expressed in one of eight other non·PHL-produci~ 
pseudomonads into which it was introduced; the transgen;c 
strain produced PHL and was significantly more suppressivt' 
than FllJ of Pythium ultimum on sugar beet (11). Two cosmiC: 
clones of 25 or 37 kb containing the PHL hiosynthetic locus 
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TABLE L Ori~ns and biooontrol actl~itie~ of &ttldomcnantrains 

"Tl>.. f &.IJICP/4:, (}al, 0.~ ou. ~r: Pu. Py/lr.,.m u/Mium: Ro.lt 10louu, l's,/'hamop,tl rc~; Uld Fori, F. "'9"'1'<'""'"' L 1p . ....J.•v·IJ"6'P""'~" Sr. 
~fVI(IIT« tl11re<. Data em biocoolrtll~erivTty 101" fiiOII \>(the~~~ <tnllll oome [11J8r unpub!Wred cxperinrenu. 

'' Wi!h !hi: 9CI!ptioo of mam PF and ra dmva~. whlth ""''~ """""•~ !"'"' wh011tlu.ve .. ~. 11na1111 _.., iloo!~!Cd tram r<J<)tl of rndiu1e.d plant:!! 

from stra!.Il Q2-87 also were expressed in nonproducers, 
namely, P. flw;m:.:m:ru 2-79 and Pteudomomn strain 50f/7 ( ~ 5); 
~ ~ubcloue of approldmately 6.S kb conferred PHL biosynthesis 
to all strains and improvCIJ the biorontrol activity of some of 27 
fluorescent Pseu.O.omoiUU spp. into which it was mtroduced 
(!6). 

Our observation of the widespread occurrence of PHL-pro­
ducing fluorescent Prtudomonas spp. with biocontrol actrVlt)' 
prompted us to investigate if the PHL bio5Yflthetrc locus is 

conserved among strains of worldwide origin. (;srng a cLoned 
fragment frum the PHL biosynthetic region of P. jfuore.scttn.s 
Q2-87 (2, 3, 16, 55; GonBIIlk accts$ion no. U41818) as a 
probe, wtl demonmated that this region is CO~Uerved in all of 
the strains in our collection known to produce PHL By anal· 
j'!fis of metabolite patterns and mokculsr typing, we a.lro found 
ttlat there is considerable diver11ity among PHL-producing 
p~eudornonads in soils origill.llting funu dilfetent geu~<i.phrc 
locations. 
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TABLE 2. Biologtca! and physical properties of disca!le·supprcssr...-e. soils uset.l iu this study 

Oesigmtiou CounUy uf 
ongm Suppressive effect Typ< 

%(wUwt) 

Orga.n.ir matter Sand Silt O<~.Y 
pH 

--------------------
Morett.s soil (MSI) Switzerland Black root rot of tobacco Sandy !oam 2.4 46 39 15 6.2 4~50 
Quincy soil United States rake-aU of wheat Sih loam l.l 35 52 13 5.6 38 
.A.lbeng<~ soil Italy Fusarium wilt tJf tomato Sandy loam 2.3 5~ 29 l3 i'.O 52 
Ghana soil Ghanil Fu,rarium wilt of tomato Sitt loam 1.2 38 48 14 6.5 lntemationallnstitute of 

~TERIALS AND METHODS 

!sol\ltil.m 'J( bacterl• tt-nm <;U~eutve ~Otli aM. \1.~~1\t o( biocu~ttTGt 
lCIIVity. Psewlot>wii<IS ~trains used ir1 this work are Hated ill T;~ble 1. The refer­
ence ~tmir.3 ure wdkharactuized biolugiCoil control agentl. The other PJ(mJo­
mrmaJ· Slr<~in~ listed 111 Table J were :WL1ted fmm disease-suppressive soil~ 
L1 c~cnbed m Table ]. The ch;uacteristics of ~oil from Morens, SwiUerland, 
·''~J.Ipre'SSlve tu tobac-n' btaclc root rut. and ~;oil from Albenga, Italy, suppressive 
tn F~Jarlum wiit. h3Vr! been deS~:ribcd in detail previously (48-50, .'i2). Strnim 
l:wu th~.: bke-all-supl'<l!cn<iYc ,.o!.l from near Quiu~.-y, W~h., were l~ola1ed a5 
detfl:ribcd by Pienor. :md Weller {3!1\. To i~lale bacterm from the other sup­
pte~ive l>t.lil~. surface·~terili7-ed ~eds uf cucumi)er {Cl.lclutll$ sam•u.s cv. Chinc­
~~~d~e Sdi~<'IO'$C). \ob~~·;:o (!~<'icutiunu glt..tirwm ), t'.:lmato \L}'t"llpt!TJi<:on nculentum 
cv. ~nnv Besu, and wheat {Triticum MJii\IWI"Il"V. Arina) (23. 24) were sown m 
pots wnt"ai:ling 400 :nl uf -roil. After ~ to (J weeks of growth in a growth chamber 
:tl -:'ll% rela!tYe humtdtty with !6 h of light ~~ 22"C and S h uf d,uk ;~,t JS"C, the 
::l!l11:ring sui! was ge[]tly remo··~d froru the roots. TI1e roob werr! washed in 
cvui_;le-dbuH~d ster:le water by vigurokl.i J.gitattun on u. rotary ~n.u.~r. For iso­
:,,t,on d U~tct..:~w fr.o11 1lu-: r~"!()l interim. the root~ were then s:.~bjected to trcat-
111cr.t with 7ll% ethan.;;d for lOs (u!Juwed by 5':; H~O! fur LO min and rittlled thro.:.o.:. 
tm~e~ with duuhl:!·d~ll!led <rterile wil.\et. Roots were cut mto 0 . .'5- to I-an piece~ 
;,~:..: p!:rct:d un S! mecium, 11hich i~ sel~r:ve for tluml'.o;ce,nt ~r:udomonads (15), 
u1 vn King\ mecl;um B .tgar (Kl\.ffi l27)). After mcubalion for21o3 d11~ at 24""C, 
llJC\t!~al -:olonre:. tbt Ceveloped along the toot pit:et:S ~rt trv.nderred to fresh 
KMB plates ,md pu:-Jited by rep<att"d subcultunng. The isolate~ were then test1.'"tl 
:·<Jr h:ocontrul actrv1ty ~TJ.ble I) aga.mst uice-all of wheat ca\1.\ied by G. grummis 
1',11 uwa. hlack :out rot of tnba.cco caus"d by T fxwcolu.. black root 101 uf 
cu~,;~nbn ~aused by f'hum()psis sdtroriOJdes. and crown and root rol at tomalo 
c.wseC by F. IJ_YSJJ()ntm f. ~p. radic~.>··lycopusrd as descrtbed elsewhere (12, 17, 30, 
.J..~. 55) The :tbillty of the b.11cteri11.l ;>o~.,lutes to jupprc:i5 damping-uf of cucumber 
c.1u~d by Pythit4m. :obim•1m and of ~olton Cllu.sed by RJti:Mtonia soltmi wus les1ed 
,.s fu!!,lws. Pli!~ti~o: puts ~:60 tnl) wen: f.!led w:th natura! soil. .and :~o milltt seed 
t:tu~-,.:\um (32. 33) of Pytilium ultimum 67-1 (obtained from AlleUx Agriculture, 
M:ssiv.augJ. C.madl; ~ g ot inoculum per liter of soil) or of R. solam :60 
(l•ht:uned f:-um C!bu Ltd., B<Ucl, Switzerland; two ov~'l!rown millet seceds per 
po:) was mh~d inw the soU. Two hours later, the ba.cterial suipeluion.s were 
,,uu:U into :.uil to gi\e 10 1 CFIJ/cm·'. Then, four 2-cay·uld M:edlings of, respec­
lhdy. n1n:mh~r atH1 cotton (GossypiUm hmUiwn cv. Stoneville 506, obtained 
fru:n CtiJa) we'" pbnt"d per pot. After 5 duya ('olton) ur tZ duy~ (1.-u~.:umber) of 
ln~ul.ti!tiun ~n :1 growth chamber under the condstions described above, the 
:u•:nt>er of emerged plant~ rer pot was counte-d 

Uacteri.a, pl•s.nl<b, fungi. and cultnn conditions. Pscudomm1ar Mrains were 
~·~•ltivlltcd in L..:m·.Bert:tui ( LB) broth ( 42) or on K.\1.13 at 24•c. I::sc!u:riciiW. coli 
-'lra:lls were grown in LB broth or on nulric[]t agar (47) al J"PC. £.coli HBIOl 
(!) wJS t.scrl :IS the h:>~t for plnsmids pMON5123 and pMON5llS, e~h cun-
1ilinutg genes tnvolved in the biosynlhe~15 ot PHL (2. 3, 55; GenBank acces!!ion 
no. ~41::f18). Whr!n ·•rpa•priate. tetracycline hydrochloride :utd k.anamycin sul-
1at~ WIH('" u~cd ru; delect1vc n.ntibiotics "' 50 1-0!!/Uil G. sraminls (Sacc.) Arx & 
Oli,.ter var. trinct Walker 'train FSL~-1 was toutindy cultivated on putalo 
dextrose agM (Difcni :II ~4"C. 

Extt"IICtiull ..nd detection of metabolite:~~. Production o( HC..."'N was detected by 
gtowing l'.teudom.fJrttlo" stmin5 fur 16 hat 24"C in 100 JJ.1 of l.R broth in well~ nf 

Tropical Agriculture, 
Ibadan, Nigeria 

tnicrolitcr dishc~ with an indicator paper tightly covering the wells as Ucscn"bcd 
by Yllisil!d et al. (57). ProUu,lion of il tlnore§Cent 'iderophore('>) wa~ drtect.:d i.:J} 

growing the ~trains for !()hat 24X: on KMB 01 ~uccinate mimmal medium (34), 
with or without addition of 100 1-Lg of EDDUA [ethylenedtamtne-di(o-hydroxy. 
phenylacetic acid)) per mi. and observing the fluorescence LJ( tht! colonies unri,.r 
UV light (ut a w.tvelength of 366 nm; Omnilab. Mettmenstetten, Switzerl~nd). 
rruduction of the antibLoCtcs PHL, :nonoacety:lpblorogludnul. and PL T was 
determined by growtng straim on mall :1gar (1.5 g uf Oifco malt e)(tract, J 7 g of 
Oifco ngar, and I liter of Joub!e-digtiJII!d water. lldJUSit:d to pH 7 with 1 ]\" 
Na.OH) or KMB at 24"C for 64 h. The agar medi-1 plus the bacteria wo::re 
extracted with IICl""tone and ethyl o.ccLa.tc, a.~~d r.lte e:tiJ net w11~ ~nalyzed by rcvcn.e· 
phase hi&ft-performanN: liquid chromatography as det;cribed prevmusty (2:t-, 33 L 
trolation of the antibio11~ Wll.i Iinne twice. 

F\lllga] lnhibitian lln;zy. Inhibition of G. grammJS var. :ntici by the Pseudomn­
fiUS slrain) on malt agar and K..'I1B p!3tes was perfnrmed e~.;entially a\ described 
by llmmashuw and Weller (53). F!acte.ri~ were grown overr.ight m LB broth, and 
5 ).l.l of eo.ch culture was spotted 0.5 em froro the edqe Clf the pla1e (four spot~ r<'r 
plate). One hour !ah~t. d 0.6-cm circular pl..:~ from a cultute or G. grammis V"".t~. 
trltid was 1\'SS~d J.fter 7 d3y5 by meas"Jnng the di~tance ~tween the edge-l. of 
the bacterial colony and the tungal mycelium. inhibition WIIS expre$1ied as thr 
percen1agc of i[]hibition cJ.used hy otr~m CHAtJ that had b~en !potted on the 
&arne plate . .'UH.ys were r.:.pe3.tcd .t\ \..:3.~l twlo:, w'!th three replicate plate"~ per 
treatment 

DNA exCnlction and Southern hybrWUzatlo11.. Chromoromal DNA was hol<1l..:i.J 
as de~cribed by Gilmper eta!. (13). Plasmid DNA was prepared with a p!<tsmtd 
midi kit (QlAGEN Inc .• Hilden, Genrumy). Restrictio11 tillzyme digestions 
(Boehringer .".lannheim Biochemiutls), agarose gel ele;;:trophoresis., DNA frag· 
!llenl isolation from luw-melling-point agarose, o!igolabclling (Pharmacia, UpiJ­
~Ia, Swed!!n). and Southern traiL"ifer to Hybood-r--4 nylon membranes (Amer­
slutmJ were performed by sl<indard m ... thods (42) or tti recnmmencled by tt,e 
suppliers. 

ABDRA. Th~ DNA mding :or t.hr! 165 rR~A of the fscuriomamu strains w~ 
;1mplifird with primi!JS Rlu :md 1-lSSr (T11blc 3; Kquences kindly pn>viJed by R. 
Simon and H.-V, T!ct.y. Tl.:Y Siidwest, Freiburg., Germany; primers synthe..'lized 
by MWG Biotech, Basel. Switzerland). F.. mli K-11-.ndP . .... -.mgUwsu PAOl (:ton 
wt!re used ilS coo.trob, Bacterial maiJL• wr-n• grown for 24 h .lt 27"C in 150 1-01 of 
1110 strength J<.\{B broth in we/IIi ut" microtiter plate.~. Aliquots (0.5 )1.1) of each 
btictt:nal culture wer~ tr::m~fcrred tn }>('R lubes r:ontainir.g 4 . .'i f!.lllf IJ'Sis buffer 
(.10 mM Tri~-HQ fpH 8.J], 50 mM Kct, O.J% Tween :W) <md were then h~::tt 
lysed (10 min dt 99"q. PCR ampt:ficalton was .:arned Ot:.l in 20-~J.I reaction 
mixtures, euch contaiuing, 5 v.J of heat-lysed bacterial cu\tw(", 10 mM Tns·HCl 
(pH 8.3), 1.5 •nM Mga., l% Triton X-lt){), 100 j.i.M (cu.;h) 11ATP. dCfP. dOTP. 
and d1TP (Stehelin Cie,, Ba.rel. Switzerland), 0.2B fl-M p11mer, and 0.15 \..:of T11q 
DNA polyme~ (Stehdin Cie.). Amrtitlmtion wa& perform"'d in a Perk.:n· 
Elmer Cetus GeneAmp PCR S~lem 9600. The PCR cycling prugr::tm consisted 
of an initial denat:Jrati<:~n at 'WC fur 120 s followed by 3.'i cycles of ':WC for -lO 
s, so-c for 60 s, a.nd i2QC for GO s, and the qding was tollowed by a final 
extension nt n•c fur :110 s. Restriction of S ,_.., of the amplified product w-.ts 
performed in a tutu! YO!ume or 20 1.1-l of restriction l:luffer (80ehringer) '-'-ilh 1.5 
l) uf either Cfol. Hinfi. Taql. Alul, R.;al, H{X'II. Iladli, or Ddel (Boehringer). 
l"hlll re~trkted DNA was then electrupboreKd in '1 2.5% 3.g;tfUSe gel with J x. 

TABLE 3. Oligonucleotides u!>ed for ARDRA and PCR-RAPl) analysis 
------------------------

Primc1 Sequence 
lelljth G+C content 

Evaluation technique 
(ba.ce~) (%) 

Rln GCTCAGATTGAACGC1liGCG 20 60 ARDRA 
!4~/:h CGGTIACCITGlTACGALTTCACC 24 50 ARDRA 
D7 TTGGCACGGG 10 70 PCR-RAPD 
GAL CCG1T ATIGCGCCCGG 16 69 PCR-RAPD 
Ml2 GGGACGlTGG 10 70 PCR-RAPD 
\1L3 GGTGGTCAAG lO 60 PCR-RAPD 

Page 6 of 15 



VoL. 62, lq% D1ACETYLPHLOR0Glt:CI:>OL~PRODUCTNG PSEUDOMONADS 555 

TABLE 4_ Phenotypic characteri.qics and in vilro a!ltifungal activities of Pseudomonas strains isulated from wils of different 
geographic origins 

~ruduction~ of: Relative inhihilion=-
nfGgton; 

'-'linin 

HC~ Sideruphores 
PHL PLT PHLon PLTon Red P. on MA KMU unMA on MA KMU K.\!B KMD 

R..:fcrcnce strains 
CHAO + H 2.5 BD BD 1~.0 + 1.00 1.00 
02-87 + + 35.6 BD 37.4 llD -+~ 1.72 1.18 
Q2-87::Tn5-/ + +· BD BD BD BD [)_JJ 0.79 

Q65c-80 14.4 BD 35.4 BD +H 1.59 1.28 
Pt'-5 T +• 9.2 4.2 BD 127.7 .. 1.50 L..t8 
F!IJ t + I!.~ BD 58.7 BD +++ 1.27 0.96 
PF +- I.J BD 12.8 30.0 4-t .... 1.44 1.27 

PFMI + ++ 3.4 BD 11.2 3.7 ++ 1.'-l 1.30 
PFM2 TT 12.2 6.4 2.3 73.5 + 1.33 1.34 

::!-79 (PCA''"J' T-<-+ BD BD BD BD 0 76 0.87 
Q69c-80 + ++- BD BD BD BD 012 O.S.S 

l.solates frum Quincy soH 
QI~S7 + 13.9 BD IS.4 BD h+ 1.33 1.17 

Q4-87 + 8.5 BD 16.1 BD ++-r- 1.25 1.2:1 

05-87 + + 22.7 BD 11.2 BD +++ Lll 1.08 

Q6-87 + !9.1 BD 20.8 BD +H us 0.96 

QH7 • + 15.4 BD 2.5 BD d- 1 )4 0.80 
08-87 + 5.2 BD 8.3 BD h-i- 1[4 0.86 
Q9.S7 15.0 llD 13.5 BD ++-'- LOt! 0.86 
Oil-87 + + l!.8 BD 14.4 BD .,-++ 1.23 0.96 
Ql3-S7 15.3 BD 1.1.1 BD +•+ 1 33 l.OS 
037.$7 T 18.2 BD 11.9 BD ~+.;. 1.23 I 04 
Q~Q-87 + + ){).6 BD 4.9 BD +--r- l.JQ 1.26 

Qt::ti-37 24..1 BD 13.1 BD +++ Ll9 104 
Q95-S7 • t 30.7 BD 14.8 80 -·- l [ 9 0.91 

0107-'1!.7 + + 27.S BD 37.9 BD +-+ 1.04 u.to 
0112-87 T 4.9 BD 45.3 BD -t+ l,(J7 1.00 
QI2S-.S7 + + 18.9 BD 27.7 BD +-- 1.09 l.li 

0139-87 20.4 BD 264 Bl! +++ 1.07 0.~6 

l~olates from Morens soil 
Pfl + +·t 1.4 Ill BD 23.9 + 1.39 1.74 

1'12 12.8 BD 9.8 BD -...++ us 1.26 
CII'B: + + 24.3 BD 24.5 BD T-- 1.17 LOB 
C"lAl + • 63.5 IlD 16.4 BD +-+ uo 1.12 
CY1'lA2 27.7 BD 15.2 BD .... +· ..... LJ6 l.l:2 
fMJ.j,j + 25.0 BD 36.-t BD ~+- 1.20 1.05 
TMI'A4 + 30.6 RD 26.0 BD t.+ I.JI 0.95 
T\ilA:"\ + 308 BD 14.2 BD -++ I.JI us 
T\-fl 'A~ + + 31.1 BD 40.7 BD ++- 0.9.':S 1.05 
TMlB2 25.4 BD 18.0 llD +d l.22 l.l4 

lsol.:nes fn.'m Albenga soil 
Pi:SR2 + H 4.5 BD BD 12.4 + 1.30 1.16 
PINtO 2.3 BD BD ' ' ,_ LJl 1.07 
PITR2 + + 373 BD 48.3 BD ,. ,..~ IM 1.10 
PITRJ + 29.0 BD 47A BD +-+ !.;{) 0.90 
PILHl + 19.6 BD 35 2 BD -+· L42 u: 

!solmes from Ghana. soil 
!'GNRI + ++ ].6 BD BD 9.9 + 1.6~ 1.15 
PGNR2 ·- 3.9 BD BD 10.2 1.65 t.l5 
l'GNIU + +• 6.1 BD BD 7.8 + 1.20 1.32 
PGNLI • ++ 2.4 BD BD 1.2 + 1.17 1.46 

PGNR4 ·- 4.4 BD BD 4.7 + 1.29 1.43 
(6.7Y' (1.3)'' (8.1Y1 (3.7)'1 (0.18)·1 (O.~)<t 

'Produ~1iun of liCN and dn unidenufied red pigment (Red P.) by the bacteria wu det«ted on KMB after 16 h and 4 to 7 da)'ll of gruwth at 24"C, re.!.pecti.,.elv: 
iJnxlur;tion of tluorc~cllnf -~id~mrh•Jrcs w:n recorded oo KMB .. md un minimal mc:dium succinate "'ith or Wilboul EDPHA afler 16 h of incubation at 24~C. Symbols: 
-, nt,; +, \i\tl>i!; + ... , ~trong; \U'ld + + +, ab"Jndant IttOd~ction o{ the f'eSped.Ne mo:.t&bolite. Puld\l.<!t\<.m u{ PHL and PLT (in tt\icr~n.tM po:r mittititer C\{ malt :tgar {MAl 
or KMB). 80. below detection lin1it. i.e .. <0 081A-SfmJ tor YHL and <0.1 ~~og!ml for PLT. Eaclt PHL-produdng sUdift abo produced monoacc:tylph!orogluClnol. The 
bm:rcri11 were grown for 64 hat 24°C. After this time, bacterial numben per plate Wt're not sipdic.:!.ntly d([erent and varied ~tween 1.1 ;.r: lOll dnd 1.4 X lUll CFU 
on KMB and between 0.9 X 10 11 and IJ X Ill 11 CFU 1m malt a~r. The pMes were extracted a-; described in Materialt and Mlltho&. Each "'aluc is the mean of two 
n:r!t;:ate .. 1etc1minatiuns. 

"Inhibition uf lhe growth of G. graminis .,.ar. tritic1 (G~t) on mall ag<~r (!\fA) :llld K..\118 llt 24•cww. :nea.~U!P<i ~f1er 1 days ltr.d is e . ..-prcossed relativ~ to the inhibition 
l')' ~~r~iu C!IAU. Ca~:h value i~ the mean uf at leaSt two aS$a.ys with three replicate plates per tre:&tm~\. 

· Strain ,2.7') produce.; rhemmne-1-carboxytic acid (PCAJ on malt agar and KMB. 
' 1 Foi!,\Witlg ;.~. signif.cant F leit, a leas.t-~oig.nilicant--dilrc:rer.ce ana.ly.ii~ (P ... 0.05) was performed. A11M bottom of each column containing rnunber.;, the !east ~ign1ficant 

Jilknmc..: v;~lue~ for two assays (anlihiotic production) ilod for three as!lays (inhibitiou of G. gmmmis var. mnc1) om~ listed in parenthe..es. 
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TBE (90 mM Tti~ hura\e, 2 mM EDTA [pH !IJ}), stained with. ethidium bro· 
mirle, and photographed umkr UV light. The 1\lO-bp DNA !adder (GIBCO BRL 
Life Te·dmologie~, lm:.., G<lithcr~burg, Md.) ww; used as molecular sit~: marker. 
Altulysir. of !!.mp!illed ribosomal DNA restnclion ana~is (ARDRA) products 
nht:1ined from extracted DNA gave th~ ~wnc results a:1 anillysi.! Qf ARDRA 
products l'rv1n lysetl cells (data not shown). 

Pl."R-RAPD analysts. For the further genotypic ct1ar-..cterizal.ion of the PJtudo­
mcmas strains, 11 PCR-b<e~cd fingerprinting method with randomly amplified 
polynulqJhir. ONA (RAPD) markers was applied, using :1 modifiCillion of lhe 
method dc:;crtbed hy Willillms et al. (60). Sixty-four primen; were screened, and 
four pr irnen; that produced a distinct and cOJW~tcnt banding pattem wilh poly­
m.Jrphic uwrk.eu were selected (Tab!~ J) <1nd further ~valut~tl"d. Primers 07, 
M 12, and Ml3 were otll!lined from a serie!S of random o!igonucleotides (Operon 
Tllchnologill.'i Inc., Alamedd. Co.Jif.), nnoJ primer GAC w;u 5ynthe;~izell by the 
Jn~titut.e of Microbwlogy, Swiss Federal Institute of Technology, Zurich, Swit­
zerland: the nucleotide sequence~ ancl G+C cuntents <.lf the primer~ are Jill ted in 
Tahle l Bm:t..:rial ceU5 were grown and lysed a described above for ARDRA . 
. A.rnplificatiou conditions were modified as follows: the reaction volume wu 15 
)1.1. the M~(_J~ conccntmtioo was l mM, and the PCR cycling program consisted 
of 2 cycle~ of 94GC for JO s, 36"C for 30 s, and T.:"C for 120 s; 20 cycles of 94"C 
fur 20 s, Jo•c tor 15 s, 4:1'"C for 1:5 ~.and n~c t'or "1\1 ); 19 cycle5 of 94"C for 20 
~ (inc.uhutiun time inueased 1 s per cyclei 36'C for 1~ s, ilnd 45"C for ISs, and 
7:"C for 120"' (inc~Jb>~.tion time: inueuc:d 3 .i ~r cyde); <~.nd <1 final incubation 
at 72"C for 10 min (28). The amplificntion products ~ere electrophoresed in a 
1.5% ~;\ros~ gel wtth 1 :.< TBE. Analj'1jL.. uf PCR products obtllincd from ex· 
tracted UNA gave the 6<1m¢ results as annlysis of PCR products ftom lysed cells 
(d;.ttll not ~hown). 

Cuh:ulatlon of similarity C8tflkltPLI and similarity an~lysii. All PCR·RAPD 
t t!IICiion~ were repeated at \east three times, and ARDRA reacth.ltlij were carried 
out uncc. K.Al'U nngerpnnrs "Nere compared only lor \trains showing identical 
po~tterns in ARDRA. and unly the RAPD band~ which Jppeared consistently 
"..:re e~,du,ted, c .. J...·u!ation uf the pdirw!.>~: coetficler.ts uf ~inuldlity (21), based 
un the 1-llcsem.:c or a[ls(nl"C of bJnds, and dusler ~nalysis with the unweighled 
p~ir group method with ;mthmetic mottln (UPGMA) <t.lgorithrn were pnf<:~rmcd 
with tlu:: NTSYS-pc ;n;.mericaltaxonumy and multivariate ~nalysis system (41). 

RESULTS 

Metabolite patterns. Ten of the 11 reference Pseudomonas 
slrains and all 37 of the strains originatin~ from suppressive 
soils produced HC.'J" and fluorescent siderophorcs; slrain 2· 79, 
which produces phenazine~l-carboxylic acid. did not produce 
HOI (Table 4). On the basis of the metabolites produced, 
there were hvo phenotypically distinct groups of PHL produc­
~rs. One consisted of strains thal produced PHL but not PLT; 
it included all the strains from the Quincy, Wash., soil; most of 
!hi;' strains from the Morens, Switzerland. soil; some strains 
from th~ Albenga, Italy, soil; and strain Fll3 from Ireland 
(Tabl~ 4). The second wn:si~ted of strains that produced both 
PHL and PLT; it included CHAO, Pfl, and Pl2 from the Swiss 
soil; Pf-5 and PF from t r .S. soils; strains from the Ghanian soil; 
and two strains from !he Italian soil (Table 4). 

There was considerable variation in the amount of PHL and 
PLT produced by the different Pseudomomu· strains. The 
amounts of the lwo antibiotics recovered ranged from 1.3 to 
63.5 )J.g/ml for PHL and from 0.1 to 127.7 J.Lgfml for PLT 
(Table 4). In addition, each PLT-producing strain produced 
monoacetylphlorogludnol {data not shown) and, after 4 to 7 
days of incubation on K1v1B. an unidentified red pigment, 
which <S not PHL (Table 4). A Tn5-l Phi- mutant of 02-87 
and the naturally PHL-negative strains 2·79 and Q69c-80, 
which were used as controls, did not produce the red pigment. 

Antifungal adivity. ln vin·o inhibition of G. graminis var. 
tritici by the l 1seudomonas strains on malt agar and KMB was 
compar~d with that by P. fluouscens CHAO. On malt agar 
plates, most of the PHL-producing s\rains were more inhibi-

Af>rL E"'vtRON. M!cROBJOL 

tot) of G. gramUtiJ var. tritici than strain CHAO was (Table 4). 
On KMB, the inhibition by most of the strains variell in a range 
of about = 15% of lhe inhibition obtained with strain CHAO. 
On mall agar, the PHL-negatwe control strains, namely, 
Q2-87;;Tn5-l, Q69c-80, and 2· 79, were significantly Jess inhib­
itory than the PHL-producing strains (Table 4). In the case of 
strain 2· 79, the re!ativdy high inhibitory activity against G. 
graminis var. tritici may be attributed to the antibiotic phenu­
tine·l·carboxylic acid, which is produced on malt agar and 
KMB (Table 4). The considerable index of inhibition produced 
by strains Q2-87;;Tn5-l and Q69c-80 on KMB may be attrib­
uted to the fact that both strains still produce a siderophore(s) 
and HCN on this medium (Table 4). 

Southern hybridizution w-ith the phi gene probe. The 4.8·kb 
Bamlli fragment carrying PHL biosynthetic genes from strain 
02·87 hybridized with the genomic DNA of each of the 45 
PHL·producing Pseu!lomonas strains and of Q2-87::Tn5-1 but 
not with the DNA of the naturally PHL-ncgative 2-79 and 
Q69c·80 controls (Fig. 1). Analysis of restriction fragment 
length polynwrphisms (RFLPs) generated by digestions of 
DNA from the 45 PHL producers wtth EcoRV indicated five 
major groups (Table 5). One group included Pseuclomonas 
strains from Swiss, Italian, Ghanian, and C.S. soils which had 
restriction patterns identical to that of reference str:..~in CHAO 
and which produced PLT in addition to PHI. (Fig. lA; Table 
5); strain PlLHl was an ~xception becaust: it produced no 
PLT. The other [our groups consisted of strains that produced 
PHL but not PLT. including a group or similar Swiss and U.S. 
strains, a group of U.S. strains isolated from the Quincy soil 
having patterns identical to the re(erenc:e slntin 02-87, and two 
groups consisting of strains from Italian and Swiss soils. rl!­
spectively (Pig. I; Table 5). Two strains. 037-87, isolated from 
the Quincy soil, and F113, isolated from soil in Irelaml, did not 
fit into any of the olhcr groups. Restriction fragment patterns 
generated by digestion with BamHI yielded more polymor­
phisrns and a further splitting of the above RFLP groups ob· 
tained after restriction with EcoRV (Fig. IB; Table 5). How· 
ever, most of the strains that produced both PHL and PLT. as 
well as the PHL producers from the Quincy soil, which are 
highly similar to the reference strain 02·87, were contained 
within the same groups as described above (Fig. lB; Table 5). 
With the Bam HI digeslion, 037-87 and FlU again were dis· 
tinct from the other strains. 

ARDRA fingerprints. Results of ARDR-\ indicated three 
groups of PHL-producing strains (Fig. 2; Table 5). Group 1 
contained all strains that produced PHL and PLT, including 
strains from Swiss (e.g., CHAO), U.S. (e.g., Pf-5), Italian, and 
Ghanian soils. These strains clustered with the other PHL­
producing strains at a similarity of0.63, indicating quite a loose 
relationship (Fig. 2). With the exception of strains Fll3 and 
Pl2, which form a separate group (group 3), all of the olher 
slrains that produced PHL but not PLT gave identical 
ARDRA fingerprints and were contained within group 2 (Fig. 
2; Tnble 5). Each of lhe.o;c two groups included one of the 
naturally PHL.rnegative control strains; i.e., strain Q69c~80 be· 
longed to group 2. and strain 2-79 clustered with group 3 (Fig. 
2). 

HG. 1. Southern hybridization of the phi genomic region in P.reurlommlllS strllins. Otromosomal DNA (··I rn 'J ll&) from PHL-pu.o<.lw.:ing refe~nee ~tmin:~ 11nd 
isolates from ~uppreSSJVIl soil from Morem, Switzerland; Quincy, Wash.; Albcnga. l!aly; and Ghana was digesle-d with EcoRV (A) or Bam HI (9). The DNA of rhe 
rccombinar.t pla~m1ds pMON5118 and pMON512J wn.digested wilhBamHL ThediJeated DNAwlllli electrophore5ed in a 0.7% a.garooe gel (42 V for 16 h), lranUerred 
to 11 Hy\'ll)nd nylon n\eLnbraue (Amer~ha.m), and hybridized under condition!. ot hi&b stdngem:y to the .;.8-kb BamHl fragmer.t ot pMON5l2.3 (3, 55) as specified by 
S;uubrook t:t al. (42) or tJte manufa1..1urers 

Page 8 oflS 



< 
~ 
~ 

!" 

)> ~ 
~ 
C' 

!>. ~ "' 
pMON5!!8 pMON511B 
pMON5123 pMON5123 
CHAO CHAO 
Q65o-80 Pf-5 
02-87 065c-80 
02-87::Tn5-1 02-87 
2·79 2-79 
01-87 Pf1 
04-87 P12 
05-87 C:.1'B2 
06-87 C'1A1 0 
07-87 CM1'A2 :;; "<1 
08-87 TM!A3 

,.., .. 
!:1 .. 

" Os-87 TM1'A4 "' r ~ 

012-87 TM!AS ::l 0 r: ... 013-87 TM1'AS 0 - "' 
.... 037-87 TM1B2 0 

086-87 P!NR2 
0 
~ 

~ 

088-87 PINA3 ?l 
095-87 PITR2 z 

0 
0107-87 PITR3 r 

"' 0112-87 PILH1 "' 0 
0128-87 PGNR1 " <-: 
0139-87 PGNR2 0 z F113 PGNR3 Cl 
PF PGNL1 ~ 
PFM! "' PGNR4 r. 
PFM2 Q69o-80 " 0 

I I I I I I I I I I I I :;: 
0 

"'"' !" "' co "' I& "' "' ... !'> co "' ~ z p ow "" "' :,. "' ow :,. 0> :,. "' G "' 
"' 
~ 
~ 
~ 



~ 
~ 
~ 

iii 
tD '" ,. lt'f ... ,.. 

<D a. ~ '" ' I 
..; ,. 

pMON511B pMDN5118 r 
pMON5123 pMDN5123 

CHAO CHAO 

065c-80 Pf-5 
Q2-87 Q65c-eo 
02-87::Tn5-1 02-87 
2-79 2-79 
01-87 • Pf1 
04-87 P12 
05-87 c,,1'B2 
06-87 

,·:? • 
c·1A1 

07-87 CM1'A2 

-= 08-87 TM1A3 .. 
09-87 TM1'A4 ~ ',.:-----:!,.<.~;> - 012-87 i!f~~~ ,,)-~ 

-·s;&; 
TM1A5 <:> • ..:L~l"'i;, 

"' 
013-87 TM1'A5 ... 037-87 TM1B2 -"' 086-87 PINR2 
088-87 PINA3 
095-87 PITR2 
0107-87 PITR3 
0112-87 PILH1 
0128-87 PGNR1 
0139-87 PGNR2 
F113 PGNR3 
PF PGNL1 
PFM1 PGNR4 ~ PFM2 089C-80 

I I I I I I I I I I I I w 
!'J!':l ... "' !0 "' lt'f "' "' ,. "' "' "' I& g 
ow :.. "' ... "' 0 (.) ... "' :.. w 

~ 

:::: 
" "' Q 
~ 

0 
r 



V1Jt.(•2., l"J% DIACETYLPHLOROGLUCI:-!Ol-PRODUCt:-;U PSEUDOMONADS 559 

TABLE 5 G~notypic and pl1cnutypLc simi!ar(tic:s of PHL-produdng Pseudomonas biocontrol stmins originating from smls from different 
geographic locations worldwide 

SliJ.iU 
[coRV RfLP Bumlll RFLP ARDRA RAPI) group ProJw:timl 

Origin' 
lt!Ollp" group~ group~ (similarity vr <::SU% I of PLT"' 

CHAU \ I + Sw\t-z.er!and 
Pf-5 I 2 1 2 + TeX:ls 
rn I I + Switler/and 
PINR2 I 1 Italy 
J'fNRJ l 1 ltaJy 
PILHl I 2 j Italy 
PGNKt \ 1 + Ghana 
PGNR2 1 I + Ghana 
PGNR3 I + Ghann 
PGNU I + Ghoma 
PGNR4 l 1 Ghana 
PF 1 ' 2 + Oklahoma 
PfMl I 2 2 + Oklahoma 
J'FM2 1 2 + Ok1uhQfl1:1 
Otl:c-80 2 3 2 3 wa.~hlnglon 
Qt)S-87 2 J 2 J Washington 
0107-87 2 s 2 J Washwgwn 
Qll1-S7 2 8 2 J Wa.<;h\ngton 
0128-87 2 8 2 3 Washington 
Ql3~-87 2 8 2 J W<Jshiugtou 
C<-!Al 2 5 2 3 ~wit?erland 

fMiA3 2 ) 2 ] Switzerland 
TMIAS 2 J 2 J Switzerl:Jnd 
TMlB2 2 ; 2 3 Switzerland 
C)Z·K7 2 2 4 W:1shingron 
Ql-.S7 3 ' 2 ' Wa.shingto1' 
()4.,7 .1 ' 2 ' Wt~shingtLHI 

05-87 J 4 2 4 Washington 
01~-S? .> 2 4 WashilJgron 
Q7-X7 J ' 2 4 Wil.'lhington 
QS-87 3 •! 2 ' W3shington 
QiJ-87 3 4 ). 4 \Vashingwn 
Ql2-87 3 ' 2 ·l Ww•hington 
Q!J-87 3 ' 2 4 Washington 
QR6-t.l7 3 4 2 ' Washinglon 
Q~~-?17 3 4 2 4 Washington 
!'\2 3 5 3 8 Switzerland 
PITR2 4 6 2 5 Italy 
l'lTIU ' 0 2 5 Italy 
(j,J'I32 4 5 1 J Swi!zcrlaad 
C.:Ml'A~ j ; 2 l Switzerland 
TMt'A4 5 5 2 1 Switzerland 
TM\'A5 5 5 2 J SwitzerbnJ 
QJ7-87 6 7 2 6 Washington 
FlU 7 q 3 7 Ireland 

· RFlP~ bJ.Scd on Jib'cstKm of lo/3l gttnomic DNA IHth EcoRV lJr 8<1mHI ant! hyirridizatiotz tQ a 4.8-kll probe from the PHL biu~yu!hetic region of PJcud""wflrJ.I 
~ILaitl Q2·10 1).}. 55) (Fig. 1). 

"ARDRA 81oups of ~imi!ar rcstnct\On pntterru. g,encr.ued with cil',hl ~elected rel>ttktion endolluclcase~ were determined by duster annlym wilh Jacclr<.l's ,imilaHt} 
wefficknL :.md the UPGMA clmt<:nng algonthm (Frg. 3). 

' RAPt) :hta ;;cneraLed with four ~~kct~<i :1rhitrary print(rs wen: a:;signed to groups of >5(/% similarity ba~o.l oo a cluster a.ualysrs with JaccJrd's ~imrl,rrity cocftkiem 
;.~rJ tire UPGMA. clustering al)l;or:tl::n {Fig.~). 

' 1 -r, pr~Jt.luchon; -, no production d PLT '·'" K:>tB. 
,. l•or mure l~t:tJils. M.'e Table :. 

RAPD fingerprints. RAPD fingerprints were generated with 
four primers, and one example is shown in Fig. 3. Each of lhe 
selected primers prOOul:~d about three or four bands. ARDRA 
group 1 (see above), which included strains that prodttced PHr. 
and PLT. consisted of two very homogeneous subgroups with 
respect to their RAPD fingerprints. In the fi~t subgroup, 
>trains CHAO. Pfl, Pl:-iR2, P!NR3. PGNR!, PGNR2, 
PGNR3, PG!'+Ll, and PGNR4, isolated from Swiss. Italian, 
and Ghanian soils, shared I he <.:ame subset of the 14 markers 
evaluated (Fig. 3; Table J). The second subgroup included 
strains Pf~5. PF, PFMl, and PFM2, isolated from U.S. soil, 

with identical RAPD fingerprints (Fig. 3; Table 4); these: 
strains clustered with the strains isolated from the Europca1. 
and from the Ghanian soil at a similarity of 0.50. The large 
ARDRA group 2 (sec above), consisting of strains that pro: 
duced PHL but not PLT, split into three major subgroups that 
showed a higher degree of polymorphism (Fig. 4; Table 4); one 
subgroup included very similar strains (Q65c.go, QlJS-87, 
QH!7-87. 0128-87. 0139-87. TMIA3. TMIAS, TM!B2, 
C,).l'B2, CMI'A2. TMI'A4, and TMI'A5) from U.S. and 
Swiss soils, another subgroup consisted of slrains similar tO 
02·87 that were isolated from Quint.)' soil, and another sub-
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% SIMILARITY 

E. coli 

PAO 

APPL f.xVIRON'. MICROBIOL 

Group 1 (pseudcmor,ads producJng Phi and Pit) 

Group 2 

~[ (pseudomonads producing Phi only) 

Group 3 

HG. Z. Cfuster tit:ndwgram Qf PHL-producing Pscwlorrumas ~crains tsoli:lted rrum dllfen:nt liOil$ worldwide, b~.:l 011 ARDRA. ARDRA was perftJmtcd wt'th <!ight 
:e:.l: icuoo cnrlonudeases. The pairwtM.! coefficients oi ~imil:uity (Jactard) Wt.!re clustered by !Wog the CPGMA algorithm o( f-.TSYS·pc. ARDRA group I indttdt:1i all 
tl;~ ~trains from SW1t7erhnd, the Umted Stat~. Italy. and Ohau&, ptodut"mg both PHL and PLT; ARDRA group::'. wnt:uru J!i th.e Qther >trams fNrn Swis~. U.S. and 
ltahar. ~ils that P"-''luccJ PilL but not PLT, With the e)(ception uhtn.in~ Pll and F113, which are wnli\.med within ARDRA ~roup 3 lT.t\1k~ .0 nnd 5). E. ruli K-l2 
:~nc: 1'. •II!Hiiflltvsa PAOl were u~ed lll wnlrols. 

group contained straim PIHLl, P1TR2, and PITR3 from the 
Italian s0il (Fig. 4; Table 4), Strains Fl n and Pl2, which 
ft.lrmt:d ARDRA group 3. ~;1ve compiNely different RAPD 
;ingcrprints fror.t each other and from the other strains with 
each of the fulll primers used for analysis (data not shown). 

DJSCVSS!ON 

Production of PHL has been shown to be an important 
rn~chtmi.'iru l1f biological control of a wide variety of plant 
palhogens by lluorescent p,~udomonas spp. (!I, 16, 17, 23, 25, 
45. 55). This report is the first to compare PHL production in 
a worldwide coflcction of PHL-pmducing Pseudomonas spp. 
originating from Switzerland. the Umted States, Ireland,Haly, 
and Ohana. We conclude that the PHL biosynthetic region is 
conserved among producer strains because a 4.8-kb chromo­
.~ornal DNA r..::gion from strain Q2-R7, encoding unique DNA 
:;equences consistent with synthesis of PHL (2, 3, 16, 55), 
hybridized umler wnditions of high stringency with genomic 
DNA of all 45 PHL-producing strains. This conclusion is fur. 
ther supported by a subsequent survey t26), which demon-

2.t 
1.5 

0.6 

strated a relationship between PHL production and hjbridita­
ti<m with the .;1..8-kb probt: in pseudomonuds from soils of the 
Czech Republic, Slovakia, Romania, China. India, and Auslra· 
lia. 

Strains in th~ collection. although having common PHL bio­
synthetic genes, displayed considerable phenotypic and geno­
lypic diversity. For example, the amount of PHL produced in 
vitro on malt agar and KMB differed by up to ~9-fold and 
25-fold, respectively. Whether the di!IeTent levels of antibiotic 
produclion may also influence the biocontrol activity oJ.' the"e 
strains in the natural environment remains to be te,slt:d. Fur­
thermore, on the basis of the metabolites that were assavcd, 
including PHL, PLT, and HCN (all known to be involved in 
biocontrol activity), two phenotypically distinct groups of PHL 
producers were apparent. The first group produced PHL, 
HCN, and Pl T and <..:onsisred of 1J strains from all of the 
locations sampled except Ireland. The second group, consisting 
of 32 strains from the lJnited States, Switzerland, HaJy, and 
Ireland, produced only PHL and HOI. RFLP. ARDRA, and 
PCR~RAPD analysis indicated thnt the strains that produced 
both PHL and PLT were, in fact, genetically similar. For ex-

FlG. 3. RAPD product& for prune~ D7 of PHL-produc.in1 Psrudamono.r strain~ Isolated from Ollrerent soilS w1Jrldw\6e. SM, ~i.t.e millker ( liJO-bp ladder [GlBCI.:-,t]). 
TI!e- natur;11ly PHL-negative strains 2·79 and Q(j9c-80 were ui!Cd as co11trols.. 
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fiG -1. (b.,rer <i.::nCro~l"lm showing the relatioruh1ps of PHl-proUucing PJ'eutimnonas itrains ISOlated from Jillcrc:nt geographic i!)~at:ons woTidwide b;;:;ed t•n 
R-\PD mtrl.10f\ RAPD analyois WJS p~dormc:d wfth fmu primer.s, and 14 m.1rkc:~· were cvll.l(ulh:IJ. ·1 he palrw'ISe OO<:rl'ic!e.rtU o[ sinti!ariry (lu<:cnnl) wen~ dmtere~ <>:-r 

ll~ing \~H~ L11'G\L-\ algor:thm et 1\TSYS-p:. Rela.tion!hi~ ll'l' ~hown [or strain~ from ARORA gnmp ~only. which mdudcs str:uns proC.ucinR PHL bul not PL T (fig . 
.:': T;J1>1e :1 

ampk. <.:lu~tr:r dHalysi.~ of ARDRA produci..'S showed that the 
~t:·ains constituted a single group. In contrast, there was more 
dtv~rsny at the genotypic level in the strains that produced 
PHL but not PLT. ARDRA indicated ~·o clusters (groups 2 
and 3), and on the basis of RAPD analysis, ARDRA group 2 
'>pht into three major subgroups that showed additional poly­
lTIQrphlsm. It is apparent from th~se studies that th~::rc is a fair 
1Hnount of diversity within the population of PHL producers, 
wi1ich ...:<1n he exploited in future screening programs for bio­
control agent~. Perhaps most interesting are the observations 
that the occurrence of mo~t groups of phenotypicaHy and ge­
notypically similar PHL produ~.:ers was not associated with a 
specific geographic origin and that highly similar strains could 
be i.>;:oJat~d from rlivene locations wor)dwide. A simiJar ob:~;er­
vation re~.:ently was reported by Stabb 1!1 al. ( 46), who showed 
that producers or the aminopolyol antibiotic zwittermicin A 
1nru.1t: up roughly 9% of the culturablc- Bacillus cereus 'Soil 
p~.-.,pulatlon and were present in many soils from Panama, Hon­
t.hn-as, th..: Unitetl States, The Netherlands, and Auslrulia. The 
finding that Pseudomonas slrains of di[erem geographic ori-

gins commonly produce lhe same antibiotict.s) and :w~· highly 
similar genetically mises the questions uf whdher such strains 
can perfom1 in locations other than those from which they 
were isolated and whether additional physiological adaptations 
to a specific crop and local soils are necessaiJ'. ff the latter 
proves to be the case, the availability of genetic probes for 
important biocontrol traits such as PHL production :\hou[d 
greatly facilitate the identification of effective and locally 
adapted bioconcrol ageniS. 

Suppressive soils are "soils in which th~ palhog~n does nor 
establish or persist, establishes but causes little or no Jamage, 
or establishes and causes disease for a while but thereafter the· 
disease is l~ss important, although the pathogen may persist in 
lhe soil" (1). Given that PHL producers were readily isolated" 
from natural suppressive soils, we speculate that PHlrproduc­
ing strains may represent a significant fraction of root-associ 
ated pseudomonads and hence may play a role in the natlm\ 1 

biological control that occurs in some such soils. For example. 
at least 20% of the fluorescent Pseudomonas strains isolate~ 
from wheat roots grown in the take-all-suppressive soil from 
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Quincy had phenotype' typical of PHL producers (17). Fur­
thermore, colony hybridization Lt:sts with the 4.8-kb ph£ gene 
prnbe with more rhan l, 100 PseudomoflllS isolates from wheat 
roots grown in T. hasicola-suppressive soils from the Morens 
region in Sw\tzerla.nd demonstrated that up to 23% contained 
PHL bio,ynthetic genes (26). 

O.::spite the lnterest woddwide in the use of root-associated 
bacteria (rhizobacteria) as ddivery systems for gene productl:i 
critical to plant protection and although biological control is 
recognized as the best alternative to the use o[ chemical pes­
ticides for disease conrro!, then: i:s some concern about the 
poS5ible adverse nontarget effects of intmdudng large popu­
lations of biocontrol agents intl) an agroecosystem. The con­
ccm is greater when the agents are nonindigenous or geneti­
cally engineered. However, our finding that important 
biocontroJ genes, e.g .. those involved in the production of 
PHL, or biu\:ontrol traits. e.g., production of PLT and HCN, 
already an:: broadly distributed in root-associated pseudo­
monads in soils on different continents should lessen concems 
about the release of either nortindigenous agents containing 
!hcse traits m transgenic biocontrol agents into which these 
t~·aits have been introduced and may speak: for a. freer exchange 
of microbial g~">rmplasm be1wccn counlries. 
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